Antibiotic Susceptibility of Salmonella spp. at Different pH Values
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We have examined the effects of acidic pH, in the range of those prevailing within phagosomes and lysosomes, on the growth and the susceptibility to different antibiotics of several strains of Salmonella spp. The minimal inhibitory concentration and the minimal bactericidal concentration of several P-lactams were increased considerably during culture at pH 5.2. The extent of the increase was a function of: (1) the /?-lactam structure and, more particularly, the hydrophobicity of the side-chain of the molecule; and (2) the bacterial serotype. This phenotypic resistance at acid pH was not due to P-lactamase activity or to a lower growth rate. In contrast, rifamycin SV was more active at acidic pH than at neutral pH and chloramphenicol, another highly hydrophobic drug, was equally efficacious at both pH values. Membrane lipopolysaccharide mutants, but not porin mutants, cultivated at an acidic pH were inhibited by lower concentrations of the P-lactams. This suggests that the increased resistance to p-lactams, and the increased susceptibility to rifamycin SV, at acidic pH, could have resulted from modified permeability of the outer membrane to antibiotics.
I N T R O D U C T I O N
Salmonella spp. are widespread pathogens which can invade extracellular and intracellular spaces. They penetrate epithelial cells and macrophages by endocytosis (Jones et al., 198 1 ; Popiel & Turnbull, 1985) , reside within vacuoles and thereby induce chronic infection and the carrier state (Hale et al., 1983) . During phagocytosis, micro-organisms encounter within the phagolysosomal compartment an acid pH (in the range 4.5-5-9, oxygen-dependent microbicidal activity and several hydrolytic enzymes (Beaman & Beaman, 1984; Black et al., 1985) .
Intracellular localization of pathogenic micro-organisms complicates chemotherapy since drugs must retain their activity intracellularly and be able to reach adequate concentrations inside the vacuoles. It has been reported that lipophilic weak bases concentrate preferentially within lysosomes (de Duve et al., 1974) , whereas acidic drugs are virtually excluded from these vesicles (Trouet et al., 1980) . Accordingly, in order to develop a more rational basis for the design of new antibiotics, we have studied the effects of acidic pH, in the range of those prevailing within phagosomes and lysosomes, on the minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of different antibiotics for various Salmonella serotypes. We studied the activity of antibiotics of known hydrophobicity and diffusion rate on wild Salmonella strains, and on lipopolysaccharide (LPS) and porin mutants, grown at acidic and neutral pH.
Bacterial strains and cultures. S. enteritidis, S . fondon, S . panama, S . brandenburg, S . typhimurium and S. typhi were isolated from stool cultures by Dr G . Wauters (Universite Catholique de Louvain, Brussels, Belgium), who also isolated S . choferae-suis from urine. S . ouakam was provided by Dr G. Ghijsels (Institut d'Hygiene et d'Epidemiologie, Brussels, Belgium); it was isolated from fish meal. S . typhimurium LT2 (Demerec) was obtained from the Institut Pasteur, Paris, France. The following S . typhimurium strains were given by Dr H. Makela (National Public Health Institute, Helsinki, Finland): SL696-S (smooth) (Wilkinson et af., 1972) , SH5014 Rb2 rfaJ (Stocker etal., 1979) , SL1181 Rd, rfaF (Wilkinson et af., 1972) , SL1102 Re rfaE (Wilkinson et af., 1972) , and four strains derived from SH5014, viz. SH5551 ompD106 (Nurminen et al., 1976) , SH6017 ompC336 (Nurminen et af., 1976) , SH6260 ompD114 (Nurminen et al., 1976) and SL1909 ompA201 (Stocker et al., 1979) . S . typhimurium TA1535 Re his-646 rfb uurB (Ames et al., 1973) , TAlOO Re his-646 rfa uvrB containing the plasmid pkM101, and TA1530 Rb2 his-646 gal uurB (Ames et af., 1973) were obtained from Dr B. N. Ames (University of California, Berkeley, USA). Staphylococcus aureus ATCC 25923 was purchased from the American Type Culture Collection.
The bacteria were stored at -80 "C in tryptic soy broth (TSB) (Difco) containing 20% (v/v) glycerol. To allow better growth at 37 "C at the pH of the experiments, double-strength TSB (TSB x 2) was used. It was buffered at pH 7.2 with 100 mM-MES (Sigma) or at pH 5.2 with 100 mM-succinic acid (Merck). The addition of sodium succinate or MES to TSB x 2 does not modify the MIC or the MBC of the antibiotics tested for the bacteria (results not shown) .
Antimicrobial agents. Ampicillin was obtained from Bristol Myers, cephalothin and cefamandole from Eli Lilly, cefazolin from Fujisawa, cefotaxime from Hoechst, chloramphenicol from Boehringer and rifamycin SV from Merrell Dow.
Bacterial growth. Overnight bacterial cultures were diluted 20-fold in side-arm Erlenmeyer flasks containing 20 ml fresh buffered TSB x 2. Bacterial growth was monitored with a Klett-Summerson colorimeter with a blue filter (400-450 nm). Good correlation was established between the Klett reading and the number of c.f.u. by plating culture samples on tryptic soy agar (TSA) (Difco).
Susceptibility studies. MIC values were determined by microdilution tests in 96-microwell plates (Thrupp, 198 1) . Ten to twenty serial dilutions of each antibiotic were performed. Ten microlitre volumes of an appropriate dilution of an overnight bacterial culture were added to the wells filled with 190 pl medium containing the antibiotic to be tested. The final bacterial concentration was 105-106 c.f.u. ml-l. The microtitre trays were sealed with tape to prevent evaporation and incubated for 18-42 h at 37 "C. MIC values were determined by visual inspection for turbidity. At the end of the experiment, the pH of the medium was not altered (measured within the wells with a Radiometer V402 glass microelectrode).
MBC was defined by a 99.9% decrease in c.f.u. relative to the inoculum; it was measured by streaking 10 pl culture samples on antibiotic-free TSA plates (Thrupp, 1981) . No significant differences in the MBC were obtained when determined on TSA buffered at pH 7.2 or pH 5.2, so TSA at pH 7.2 was routinely used.
Crystaf violet test. Susceptibility to crystal violet, a highly hydrophobic molecule, was investigated to study drug penetration at the LPS level (Nikaido, 1976) . The test was performed on nutrient agar (Oxoid), at pH 5.2 (buffered with 100 mM-sodium succinate) and at pH 7.2 (buffered with 100 mM-MES), according to Maron & Ames (1983) , using paper discs containing 10 pg crystal violet.
/I-Luctamase activity. P-Lactamase activity was detected by the acidimetric method using ampicillin as substrate (Scheifele et af., 1976) , with P-lactamase from Bacillus cereus (Sigma) as reference. None of the strains used in this study, except for S . typhimurium TA100, which contains the plasmid pKMlOl, synthesized P-lactamase (results not shown).
R E S U L T S
Bacterial growth at p H 7.2 and p H 5.2 Fig. 1 illustrates the growth at pH 5-2 and 7-2 of four wild strains of Salmonella. All strains multiplied actively at both pH values. The generation time was, however, significantly affected by the pH of the culture, increasing from 36 rnin at pH 7.2 to 45 rnin at pH 5.2 for S. brandenburg, from 30 to 40 min for S. typhi, from 26 to 40 min for S . typhimurium and from 21 to 38 min for S . choierae-suis. In addition, the bacterial density at the stationary phase was lower after growth at acidic pH.
Efect of p H on the MIC of antibiotics for wild strains of Salmonella
The wild Salmonella strains cultivated at pH 5.2 were less sensitive to P-lactams than those cultivated at pH 7-2 (Table 1 ). This increase in resistance was related to both the bacterial serotype and the chemical structure of the P-lactam. The resistance coefficient (RC,), defined as typhiand S . cholerae-suis were cultivated in TSB x 2 buffered with 100 mM-MES p H 7.2 (e) or 100 mMsodium succinate pH 5.2 (0). Bacterial growth was monitored by determination of optical density in a Klett-Summerson colorimeter. In the same conditions, values never differed by more than 1 %. RC, = (MIC at pH 52)/(MIC at pH 7-2), characterizes the response of a strain to any one antibiotic. In general, the RC, was higher for cefotaxime than for the other b-lactams, ranging from 48 (S. cholerae-suis) to 194 (S. ouakam). The RCI for cefazolin ranged from 21 (S. enteritidis) to 64 ( S . typhimuriurn), that for cefamandole from 2 to 16, and that for cefalothin and ampicillin from 3 to 16. In contrast to the other strains, S. brandenburg was equally susceptible to all the P-lactams tested (except cefazolin) after culture at pH 7.2 or 5.2. It should be noted that these differences in MIC between bacteria cultivated at pH 7.2 and pH 5-2 could be detected after 18,42 (Table I ) or 72 h of culture. Since this phenomenon could have been due to a loss of activity of the p-lactams during the incubation at 37 "C and pH 5.2, the MIC of the five antibiotics was assayed on Staphyloccocus aureus (ATCC 25925) with or without a 42 h preincubation at pH 5.2 : no significant differences were observed (results not shown). Yoshimura & Nikaido (1985) demonstrated that the rate at which p-lactams penetrate the bacterial outer membrane is related to the hydrophobicity of their lateral chain. Therefore, we examined the intrinsic resistance of salmonellae to p-lactams cultivated at pH 5.2 in relation to the physicochemical properties of the antibiotics. Fig. 2 illustrates that there is a good (negative) correlation between the resistance coefficient RCI and the degree of hydrophobicity of the molecule expressed as log P, in an octanol/water partition system. This correlation is similar but not identical for the different Salmonella serotypes except for S . brandenburg, which is equally susceptible to /3-lactams at pH 7.2 and 5-2.
In contrast to the p-lactams, chloramphenicol was equally active on all strains growing at pH 5.2 or 7.2 ( Table 2 ). The MIC of rifamycin SV was 12-to 50-fold lower at pH 5.2 than at pH 7.2, indicating that this antibiotic is more active at an acid pH.
Eflect of pH on the MBC of antibiotics for wild strains of Salmonella As observed for the MIC, the MBC values of the p-lactams were markedly higher when the salmonellae were cultivated at pH 5.2, in comparison to pH 7-2 (Table 3) . For example, the MBC of ampicillin, increased at pH 5.2 by 2-( S . typhi) to 16-fold ( S . enteritidis). Increased resistance of the salmonellae at acid pH was most pronounced for cefazolin and cefotaxime, for which the MBC increased by up to 64-fold. In contrast to the MIC results, the MBC for S . brandenburg was increased at acid pH for cefalothin, cefazolin and cefotaxime; however, the MBC was not or was only slightly affected for ampicillin and cefamandole.
pH and antibiotic susceptibility of salmonellae 141 1 ( 1 *o> Efect of pH on the MIC and MBC of diferent antibiotics for outer-membrane mutants of Salmonella Mutants of S. typhimurium with shortened LPS polysaccharide chains (chemiotypes Rb2, Rdl, Re) or with mutations in the porin genes (ompA, ompC and ompD) were compared to S . typhimurium LT2 and SL696, (reference smooth strains) (Table 4) .
At pH 7.2 there was a good correlation between the decrease in the MIC of rifamycin SV and the extent of the deletion in the LPS chain: MIC values fell from 366.6 pg ml-l (SL696) and to 279-1 pg ml-' (TA1530) and 293-0 pg ml-l (SH5014) (two Rb2 mutants), to 79.9 pg ml-l (SLll81) (an Rd, mutant) and to 158.4 pg ml-1 (TA1535), 60.7 pg ml-1 (TAl00) and 5-85 pg ml-l (SL1102) (three Re mutants). Furthermore, the decrease in MIC correlated well with the increase in diameter seen in the crystal violet test. Crystal violet is a hydrophobic drug which diffuses more rapidly through the outer membrane of deep rough LPS mutants (Nikaido, 1976) .
Comparable observations were made after culture at pH 5.2. However, when the crystal violet test was performed at acidic pH, the zone of growth inhibition was smaller than at pH 7.2 for both smooth strains and rough mutants (chemiotype Rb2, Rdl), while the zone of growth inhibition was extended for deep LPS mutants (Re).
At both pH values, the MIC of rifamycin SV for porin mutants (SL1909, SH6017, SH6260) was not significantly different from that observed for the parent strain (SH5014). Only SH5551 (ompDII6) was more sensitive to rifamycin SV than the parent strain, at both pH 5.2 and 7.2. In addition, as observed for the wild-type salmonella strains, the MIC for rifamycin was lower at pH 5.2 than at pH 7.2 for these mutants.
The MBC values for rifamycin SV were up to four times higher at both pH 5.2 and 7.2 than the corresponding values of MIC, especially for deep rough mutants such as SL1102 (results not shown). However, the values at pH 5.2 were still lower than those obtained at pH 7.2, confirming the increased efficacy (10 to 100 times) of rifamycin at acidic pH.
In the case of chloramphenicol, at pH 5.2 and 7.2, neither the MIC nor the MBC seemed to be related to the structure of outer-membrane LPS or porins. higher at pH 5-2 than at 7.2 for S . typhimuriurn SL696 and LT2. This decreased susceptibility at acidic pH was most significant for cefotaxime, decreasing in the order cefazolin, cefamandole, cefalothin and ampicillin. The LPS mutants were more susceptible to p-lactams at pH 5.2. This is most evident when comparing the deep rough mutants (SL1102, SL1181, TA1535 and TAl00) with the smooth strains. TA100, which is a deep rough LPS mutant containing a plasmid (pKM 101) responsible for the production of P-lactamase, was very resistant to ampicillin, cefalothin, cefamandole and cefazolin at neutral pH 7.2, whereas this resistance was considerably reduced during culture at pH 5-2. Comparable results were obtained for the MBC (results not shown).
Results obtained with the porin mutants (Table 5) are more difficult to interpret. Compared to the parental strain SH5014, SH6260 (ornpD114) was more resistant to cefalothin, cefazolin, cefamandole and cefotaxime at pH 7.2 but not after culture at pH 5.2. SH6017 (ompC336), SH6260 (ompD114) and SH5551 (ompDIO6) appeared to be less resistant to cefotaxime at pH 5.2 than the parent strain. SH5551 was more susceptible than the parent to /j-lactams at both pH values.
DISCUSSION
Susceptibility to antibiotics of wild strains of Salmonella cultivated at acid p H
The susceptibility of eight wild strains of Salmonella to seven antibiotics of different chemical classes has been compared after culture of the bacteria at pH 5-2 or 7-2. Comparing the MIC at acid and neutral pH, three different patterns have been observed : (i) phenotypic resistance to p-lactams at pH 5-2, related to the bacterial serotype and to the /?-lactam structure; (ii) similar susceptibility of all the strains to chloramphenicol at pH 7.2 and pH 5.2; (iii) increased susceptibility of all the strains to rifamycin SV after culture at pH 5.2.
At pH values ranging from 5.2 to 7.2, intrinsic resistance to P-lactams correlates with increase in proton concentration (Laub et al., 1985) , and cannot be attributed to the enzymic hydrolysis of p-lactams (the strains studied do not produce P-lactamase), to the nature of the buffer or to the degradation of antibiotics (results not shown). Recently, Tuomanen & Cozens (1987) showed changes in peptidoglycan composition and penicillin-binding proteins in slowly growing Escherichia coli cultivated in a chemostat. The increased resistance to p-lactams at pH 5.2 cannot be explained solely by the slowing of bacterial growth, since S . brandenburg, whose growth is also slower at pH 5-2, is equally susceptible to the P-lactams at both pH values.
A negative relationship was observed between the resistance coefficient RC1 and the hydrophobicity of the p-lactam molecule (Fig. 2) . The RC1 values were highest (43-3-194) for the hydrophilic drug cefotaxime. These data suggest that to inhibit the growth of salmonellae in acidic phagolysosomes, the local concentration of this drug should be some 50 to 200 times higher than that needed at neutral pH. MBC values also increased at acidic pH, in a pattern similar to that for the MIC values; again this seems related to the hydrophobicity of the j3-lac tams.
In the case of S. brandenburg, the same susceptibility to P-lactams at both pH values can be attributed to its different LPS serotype. This is similar to Klebsiella and Serratia strains, for which no phenotypic resistance has been observed (unpublished results).
Susceptibility of LPS and porin mutants to antibiotics
To determine if the phenotypic resistance at pH 5.2 could be related to modifications of the permeability of the outer membrane, we studied the action of antibiotics on LPS and porin mutants of S . typhimurium at pH 7-2 and 5-2. Hydrophilic molecules (e.g. P-lactams) whose molecular mass does not exceed about 700 daltons could cross the outer membrane via porins (Hancock, 1984 (Hancock, ,1987 Nikaido & Vaara, 1985) , whereas hydrophobic substances like rifamycin could diffuse through the LPS-phospholipid bilayer (Nikaido, 1976) .
The antibacterial activity of chloramphenicol was not significantly different for the LPS mutants and their parent strains, at either neutral pH (confirming previous observations of Nikaido, 1976) or at acidic pH. Nevertheless, it has been proposed that chloramphenicol diffuses through porins in E. coli (Chopra & Eccles, 1978) and in Haemophilus influenzae (Burns et al., 1985) .
At pH 7.2, rifamycin SV was more active against Salmonella strains in which the LPS chain has been shortened, and especially on deep rough LPS mutants (Re) such as SLl102, At pH 5-2, rifamycin SV was very active against both smooth and rough strains, but it was more effective on Rd, and Re deep LPS mutants (except TA1535, for unknown reasons). Similar results were obtained at both pH values from experiments with another hydrophobic substance, crystal violet. SH5551, a porin mutant, was, like the Re mutants, also very susceptible to crystal violet and rifamycin SV.
At pH 7.2 the MIC values of P-lactams for LPS mutants were very close to those obtained for the smooth reference strains (except for strain TAl00, which contains the plasmid pKMlOl responsible for synthesis of P-lactarnase). The LPS mutants were, in general, more resistant to plactams at pH 5.2 than at pH 7.2, but their levels of resistance did not reach those of the smooth strains. The high MIC of the P-lactams for TAlOO indicates that this strain, as expected, hydrolyses P-lactams (except cefotaxime). The lower MIC and (not shown) enzyme activity measurements at pH 5.2 suggest that the P-lactamase activity is reduced at acid pH, as has been determined in vitro for other P-lactamases (Bicknell et al., 1983) . The susceptibility of TAlOO to cefotaxime indicates that this P-lactam is not hydrolysed at either pH.
In S. typhirnurium, four major proteins of the outer membrane have been described (Nikaido, 1976; Nikaido et a/., 1977; Kobayashi et al., 1982; Yoshimura & Nikaido, 1985; Nikaido & Vaara, 1985; Benz et al., 1985) : OmpA (previously 33K) and three porins OmpF (35K), OmpC (36K) and OmpD (34K). At neutral pH, strain SL1909 (lacking OmpA) has a susceptibility top-p H and antibiotic susceptibility of salmonellae 1415 lactams comparable to the parental strain SH5014; SH6017 (OmpD producer) and SH6260 (OmpF producer) are equally or more resistant than strain SH5014 to P-lactams. At acidic pH, all the porin mutants have MIC values comparable to SH5014. Diffusion of p-lactams has been reported to take place preferentially through the OmpF channel rather than through OmpC in E. coliand S . typhimuriurn (Yoshimura & Nikaido, 1985; Nikaido & Vaara, 1985; Jaffk et al., 1983) . It was therefore surprising to observe the relative resistance of strain SH6260 to P-lactams at neutral pH. However, the culture medium contains 1 % NaCl, which could repress synthesis of OmpF, as has been observed in vivo in patients (Nikaido & Vaara, 1985) . The MBC values obtained for the seven antibiotics at pH 5-2 and at pH 7.2 lead to the same conclusions, supporting the view that the killing systems are not dissociated from growth inhibition. Goodell et al. (1976) reported that growth of E. coli under acidic conditions protected the bacteria against the lytic effect of p-lactams.
To tentatively explain the phenotypic resistance to p-lactams of salmonellae cultivated at acidic pH, we propose that at acidic pH the outer membrane of the bacteria may be modified, affecting its permeability to hydrophilic molecules. Our results using different mutant strains suggest that the LPS region is involved in this process, either directly, or via the porins. The resistance at acid pH to ampicillin and cefalothin, two hydrophobic p-lactams, is rather low. This is in agreement with previous observations (Sawai et al., 1982; Yamagushi et at., 1985) showing that ampicillin can cross the hydrophobic region of the outer membrane, a process which would not be affected by the pH of the culture. Rifamycin SV and crystal violet, two hydrophobic molecules, are more active at pH 5.2; in contrast, the resistance is higher for more hydrophilic antibiotics such as cefazolin and cefotaxime. LPS mutants, especially deep ones, cultivated at acid pH were less resistant to hydrophilic p-lactams than their parent or wild strains. An influence of LPS on porin accessibility was recently also shown by Bentley & Klebba (1988), using specific porin monoclonal antibodies.
In conclusion, intrinsic resistance to fi-lactams appears to be a phenomenon which should be taken into account in the choice of antibiotics to treat salmonellae residing in uivo in an acidic environment like phagolysosomes, urine or abcesses. To be active, these drugs should on the one hand be stable at acid pH and in the presence of hydrolytic enzymes and on the other hand should have a hydrophobic character to facilitate penetration and killing of the bacteria. pLactams are very effective bactericidal antibiotics, but they fail to accumulate intracellularly (Johnson et al., 1980 ; Lowrie et al., 1982) and are even excluded from the vacuoles. Hydrophobic P-lactams, adequately modified into prodrugs or linked to specific carriers, and able to accumulate within the phagolysosomal system, may be attractive chemotherapeutic agents for salmonella infections.
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